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ABSTRACT

The abruptness and intensity of the Cretaceous-Tertiary boundary have been

deemphasized by some authors over recent ,,,ears, mainly by those skeptical of an

impact origin for the boundary. However, it was recognized at the birth of stratigra-

phy as both abrupt and of major importance. It was used to define the change from

the Mesozoic to the Cenozoic; the boundary has become continually more precisely

defined and its global sequences more correlatable. It is now unique in being an event

boundary marked by an iridium-bearing layer of global extent, rather than an arbi-

trary boundary in a sequence of little change. The Permian-Triassic boundary, in

contrast, is arbitrary and the transition is not yet proven to be abrupt, the extinctions

that define it perhaps having taken place in pulses over several millions of years.

Some of those who have denied the importance (and in some cases even the existence)

of an impact in the Cretaceous-Tertiary extinctions have placed burdens of proof on

the impact hypothesis that they do not place on strictly terrestrial mechanisms. Ter-

restrial mechanisms have always been unsatisfactory (or at least unconvincing for

global, massive, multienvironment faunal change) and are now even more so. Some

authors have required of the impact hypothesis attributes that are not inherent in it,

including particular patterns of extinction selectivity and timing.

INTRODUCTION

Considerable scientific and public interest has attended the

debate over the last 15 years about the nature and causes of the

faunal transition from the Cretaceous Period to the Paleogene

Period, more commonly known as the Cretaceous-Tertiary

boundary. The debate is noteworthy for its multidisciplinary

participation, which has led to great advances as well as some

difficulties and confusions, hnmediately prior to the impact

hypothesis of Aharez et al. (1980), the boundary was generally

accepted as an extremely sharp one (e.g., Bramlette, 1965; Alva-

rez et al.. 1980: Russell, 1979). Some authors, particularly (but

certainly not restricted to) some paleontologists l'rom both inver-

tebrate and vertebrate disciplines, have recently deemphasized

the abrupmess of the transition and its ixnportance, particularly

in relation to other mass extinctions but also in absolute terms.

This has been in parallel with attempts to deny any particular

significance to any impact in the transition, whatever the reality

or characteristics of an impact. In part this denial reflects the

continuing influence of uniformitarianism in its erroneous guise

of requiring slow, gradual change as well as the multiple mean-

ings of "uniformitarianism" conflated by Lyell (1830, 1832,

1833) that facilitate unwitting circular arguments. One of those

meanings of Lyell's was uniform rates of change.

This chapter, an amplification of Ryder (1994), has two

main goals. The first is to briefly review the historical context

and recognition of the Cretaceous-Tertiary boundary and to

claim that the boundary truly represents the most clear example

of a rapid mass extinction event. The boundary is historically

recognized as critical or major and has become more precisely

defineable with time since its original recognition. Its correla-

tion with an iridium (Ir)-depositing or" It-concentrating event is

now undoubted, and the Ir is an important component of the

definition of the boundary stratotype at El Kef. Tunisia. The
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boundary is unique in being an essentially nonarbitrary event

boundary. Other mass extinction transitions, including the end-

Permian, may ultimately prove to be precisely definable and

nonarbitrary, but at present they are not.

The second goal is to indicate that some opponents of the

impact-generated mechanisms for extinction have required of it

burdens of proof that they do not require of their own nonim-

pact mechanisms. This even applies to some workers who agree

that the k-bearing layer was a consequence of an impact. They

require of the impact hypothesis attributes that are not inherent

in it, that is, they have set up inappropriate straw men in their

attempts at counterrevolution. For instance, it has been com-

mon to claim that all extinctions arc instantaneous following an

impact (e.g., Hallam, 1989). A few workers continue to deny

that an impact occurred, attributing to igneous processes effects

that have not been observed in aclion, have not been deduced

from the geological record, and a,e not inherently plausible.

However, this extreme position will be almost ignored in this

chapter.

RECOGNITION AND HISTORICAL DEFINITION

OF THE K/T AND OTHER BOUNDARIES

Disregarding the historical context of the concept of a

Cretaceous-Tertiary boundary, some authors have recently deem-

phasized or questioned both the abruptness of the transition and

its importance. It has been claimed that interest in the boundary

reflects comparatively unimportant characteristics such as our

childlike interest in the extinction of dinosaurs, our anthropo-

centric view that is biased in favor of the rise of mammals, the

controversy (and hence journalistically favored polarization)

stemming from the impact hypothesis, and the mere closeness of

the boundary to the present. Thus Stanley (1987) in his review

states that "'... these factors have led us to overrate the terminal

Cretaceous crisis." Erwin (1993) listed six "'really important

events in the history of life on Earth" but added that he included

the Cretaceous-Tertiary events only to forestall a "'lot of cater-

wauling from a few mammals." Even Stephen Jay Gould (in

Raup, 1991 ). who not only accepts but advocates the impact as

the trigger of extractions and accepts the parlicular significance

of the extractions, nonetheless suggested that it is "particularly

dear to our hearts because it wiped out the dinosaurs and gave

mammals a chance." Even though insiders realize that some such

statements may have been made _ongue-in-cheek, the slalemcnls

diffuse and confuse tile significance of thc boundary and there-

fore the significance of studying it.

The Cretaceous-Tertiary boundary has been recognized as

both major in importance and abrupmess since the early decades

of the nineteenth century, well before dinosaurs or iridium be-

came geologically, useful concepts, h was the first major boundary

recognized. That it is most critically tile Mesozoic-Cenozoic

boundary is somewhat obscured by its more popular name of

Cretaceous-Tcl'tiary. Nolwilhstanding the unclear definitions that

allend what is meant by a mass extinction, 1 contend that the

Cretaceous-Terti_uy boundary extinctions represent the most rapid

or catastrophic and widespread example of a mass extinction. In

comparison, the massive Permian-Triassic extinctions apparently

took place over a period of several millions of years and cannot, at

least yet, even be postulated as a (single) event.

The importance of the boundary and the faunal change

The recognition of a major and abrupt change that is the

Cretaceous-Tertiary boundary took place (under catastrophic

thinking, admittedly) at about 1810 at the very beginning of

fossil-based stratigraphy. Cuvier had previously established the

facl of extraction. The studies in the Paris Basin by Cuvier and

Brongniart ( 1811 ) defined the sharp transition. They found no

transition between the chalk and the overlying "'plastic clay,'

which had distinctive fossils. They recognized that there was

probably a scparalion in time between the two, based on dcpo-

sitional, not paleontological, evidence, in 1813, d' Halley dis-

tinguished "cretaceous" from "mastozootic" (= Terliary) as the

upper two of tbur stratigraphic divisions of rocks, although pre-

cise limits at a type locality were not indicated (published as

d'Halloy, 1822). The name "mastozootic" demonstrates that the

faunal change was as important as the lithological change in

making the distinctions. No Permian-Triassic boundary was

then recognized; it was subsumed in the second group from the

(now) upper Paleozoic through Jurassic (yet d' Halley was more

than familiar with the rocks that Murchison later included in the

Permian). The recognition of a sharp boundary corresponding

with the modern Cretaceous-Tertiary boundary preceded the

concepts of mass extinctions (in a modern sense), dinosaurs,

micropaleontology, iridium, thin sections, isotopes, and

radioactivity and preceded the theory of natural selection. The

term "'Dinosaur" was invented by Richard Ow, en in 1841 with

the recognition of nine genera at that time.

Phillips t 1841. 1860) recognized major and significant

divisions of stratigraphy, labeling them as Paleozoic, Mesozoic,

and Cenozoic. He adopted the name Paleozoic from Adam

Sedgwick. who had coined it to combine his Cambrian with

Roderick Murchison's Silurian. Phillips followed d'Hailoy's

distinction of Permian rocks from Triassic rocks (around 1830)

and recognized the critical significance of the Mesozoic-

Cenoxoic change, at the Cretaceous-Tertiary boundary. This

corresponded exactl.,, with d'Halloys division. Murchison's

Permian IMurchison et al.. 1845)originally included rocks nmv

recognized as Triassic. so tile Permian-Triassic boundary m the

rocks of [,urope ,aas not obvious to everyone lit aroutld 184(1.

Apparently d'ttalloy's description in 1834 was closer to _mr

modern definition of Permian than was Murchison's (Erwm,

1993). Under lhe then recenllv established mliformilarian prin-

ciples l in all their conllated tornlsL passages or transitions were

expecled. [_ou_ldp.ries were i_lvented for convenience of sys--

lenlalic aM:.UlgCnlcnl and ill consequence were expected to be

arbitrarily assigned. This was (and remains) the case for the

Permian-Triassic boundary.
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The expected passage beds for the Mesozoic-Cenozoic

boundary were never found. That they did not appear seems to

have been an embarrassment for Lyell and perhaps even more so
later for Darwin. Lyell had subdivided the Cenozoic on the basis

of molluscs yet noted that the faunal change from uppermost Cre-

taceous to lowermost (then) Eocene was equivalent to the entire

Tertiary faunal change (Lyell, 1833, Chapter 23). Lyell accepted,

on the authority of Deshayes, that the marked discordance

extended "to all other departments of the animal kingdom, and to

fossil plants." Although the relewmt strata in Britain are indeed

missing (though at worst only a few million years worth, not

sixty), Lyell was familiar with European strata, where more com-
plete successions occur. Even in England a near-complete succes-

sion occurs in Dorset. Lyell thought that the "missing" sequences

(which under his uniformitarian concepts corresponded with

missing time) might be found somewhere--that the hiatus

resulted from shifting basins of deposition. Although Darwin was

also familiar with this faunal change, his only mention of it con-

cerns the abrupt extinction of the ammonites. Darwin's I 1859,

Chapter 11 ) explanation for the "wonderfully sudden" extinction

of the ammonites, and other groups, is the "probable wide interval
of time between our consecutive fonnations."

These original distinctions of the Mesozoic from the Ceno-

zoic were founded in macrofossil sequences and included the
presence of belemnites, ammonites, and rudists in the Creta-

ceous, quite distinct from the marine macrofauna of the overly-

ing Tertiary. It was recognized that mammals were fairly
common in Tertiary rocks (hence "mastozoic") but rare to

absent in Mesozoic ones, and with the recognition of the Dino-
sauria it was realized that these animals dominated the large

Mesozoic faunas but were completely absent from the Ceno-

zoic. Such distinctions applied to the uppermost Cretaceous

(the Maastrichtian stage, defined in 1849 by Dumont) and the

lowermost Tertiary (the Danian stage defined in 1847 by

Desor). Although the latter stage was originally assigned to the
Mesozoic, further work showed that the Danian did not corre-

late with Cretaceous elsewhere. As paleontology and bio-

stratigraphy progressed, it became clear that the distinctions

shown by the macrofaunas were paralleled by distinctions in
the microfaunas, and these microfaunas were better able to

show that the distinction of Cretaceous from Tertiary was both

abrupt and global in extent. Microfossils provide a much better
statistical database from which to make conclusions than do

macrofossils.

A review of the perspective just prior to the inteqection of

the Ir data into the debate shows that many and varied paleon-

tologists were cognizant of the reality of the importance of the
boundary. Colbert (1965) took pains to show that the "'age of

reptiles" was not the same as the Mesozoic; the reptiles he
described included those of the Pertnian. He referred to the

extinctions at the end of the Cretaceous as The Great Extinc-

tion. While noting that there were others, he claimed that none

of these had the finality of the several parallel extinctions that
marked the end of the Mcso_,oic w'orld. Bramlette /1965)

claimed that the extinction of some large populations thriving
towards the end of Mesozoic time was more demonstrably

abrupt than that at the end of the Paleozoic. He emphasized
invertebrate extinction, whereas Colbert (1965) emphasized

vertebrate extinction. The invertebrates were most obviously

and strikingly represented by marine planktonic forms and

those forms dependent on plankton, such as ammonites and
belemnites.

Nonetheless, the recognition of an abrupt faunal break in

the record does not automatically lead to the recognition of an

abrupt faunal break in reality. The immense faunal break, even

where it occurs without significant lithological change, has
been used to infer the presence of a sedirnentological and time

break even with no other supporting evidence. For example, lbr

northeast Mexico sections, Hay (1960) claimed that the faunal

change fiom the Mendez Formation (Maastrichtian) to the Vas-

quez Formation (Danian) spoke unequivocably for a hiatus of

some extent, even though there is "+little field evidence for an
erosional break." The withdrawal of the sea. erosion, and subse-

quent rise of the sea is couched in uniformitarian terms, and

arguments that the Mendez is more indurated than the Vasquez,

that its microfossils are more recrystallized, and that there is an

apparent weathering zone at the top of the Mendez do not seem
to be borne out by more modern studies. Instead, these argu-

ments are a clear demonstration of the power of theory to

induce particular observations, in this case according to then-

accepted philosophies of uniformitarianism that included
(rightly or wrongly) the concept of slow, gradual change. A

similar argument was made by Rainwater (1960) for the Creta-
ceous-Tertia W rocks in the Gulf Coastal Plain: "An important

unconformity separates the two, as evidenced by a great change

in faunas." He concluded that this probably represented consid-
erable time.

Overall, it is safe to infer that even prior to the impact

hypothesis of Alvarez et al. (1980), many paleontologists and

biostratigraphers recognized that the Cretaceous-Tertiary bound-

ary was both an abrupt and important transition. They neverthe-

less had a strong propensity to impose upon the boundary some

cause that was mundane, noncatastrophic, and uniformitarian (in

the then-accepted meaning) (e.g. Newell, 1962, 1963£

The precision and correlation of the Cretaceous-Tertiary and
other boundaries

There appears to have been liltle dilticuhy in pilming down

the Cretaceous-Tertiary boundary in most marine sequences

since the mid- 1800s. Most specialisls concur l]l;.lt tile boundary

can be identified with relative ease and precision m local sec-

tions (Russell, 1979). Nonmarine sequences have been a

greater problem. A question as to whether the D.'mian in its type
area should be included with the Cretaceous was resolved neg-

atively when the Danian was shown to conespond with a facies

of rocks already defined as post-Cretaceous. Inclusion of the

Danian within the Mesozoic appears to have been more influ-
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enced by its chalk facies at the type localities than by its fauna;
both microfaunas and macrofaunas of the Danian show affini-

ties with Tertiary life-forms. Although there were claims based

on molluscan affinities for including the Danian within the

Mesozoic, Rosenkrantz (1960) convincingly showed that lam-

ellibranch, gastropod, and cephalopod assemblages in Denmark

were much more like overlying Tertiary than underlying Creta-

ceous assemblages. Arbitrary assignment of the Danian to the

Cretaceous would merely make the rapid transition recognized

be within the Mesozoic rather than at the end: this may be what

has happened to the near-end Ordovician mass extinction.

The Cretaceous-Tertiary boundary has become continually

more tightly defined and recognizable, not less, and particularly
so with the introduction of the study of microfossils. The recog-

nition of a global iridium-rich layer (whatever origin is invoked)
at the paleontologically defined boundary has led to the layer's
use as a marker bed, much as bentonite beds have been used in

more local stratigraphies. The new boundary stratotype at El Kef

includes the Ir-bearing layer as an important component. It has

been possible to precisely correlate some marine and nonmarine

records because of the Ir-bearing layer. Some terrestrial disrup-

tions recorded by pollen and other floral attributes took place

geologically simultaneously with marine foraminiferal changes.

Both ammonite (Ward et al., 1991) and dinosaur (Sheehan et al.,

1991; Sheehan and Fastovsky, 1992) fragments, slightly or not

at all reworked, persist to the boundary, and dinosaur footprints

have been found less than 37 cm below the boundary (Pillmore
et al., 1994). Rare fragments of reworked dinosaur fragments in

floodplains of the lowermost Tertiary are irrelevant.

Some arguments against a rapid turnover are merely per-

missive rather than demonstrative, for example, that of Mac-

Lend and Keller (1993) that many sections contain a hiatus and

that faunal turnover is thus gradual. The conclusion from such

evidence is that faunal change might be gradual, not that it is.

The precision and correlation at the Cretaceous-Tertiary

boundary are not possible for the Permian-Triassic boundary, for

which correlation of marine and nonmarine sequences has

proven elusive and equivocal even among marine sequences.

That part of the problem may be the incompleteness of the record

as a result of regression does not eliminate the reality. Indeed. the

placing of the Permian-Triassic boundary has changed with lime
and author and remains contentious (Erwin. 1993). it is arbitrar-

ily defined on the appearance of various genera, e.g., Otoceras.

The oklest definitions were partly lithological. Even the modern

difterences m placing in fact represent stratigraphic differences

corresponding with several million years. The complexity of the

Permian-Triassic transition in the record and its underlying

causes have been eloquently described and discussed by Erwm

(1993, 1994a. b). The transition is indeed marked by the passage

beds expected by Murchison and others, with mixed fauna (not

reworked) of Permian and of Triassic aspect at continuous

sequences. The apparent contrast of tim brachiopod-rich faunas
of the Permian with the mollusc-rich faunas of the Triassic has

been accentuated by the general absence of the Late Permian

marine record in the regions with which the early stratigraphers
were familiar. There was a massive transition from the Permian

to the Triassic, but because the transition took place over several

million years, unlike the Cretaceous-Tertiary transition, any

boundary is arbitrary. There is no single horizon corresponding

with the Ir-bearing layer of the Cretaceous-Tertiary boundary.

The extinctions perhaps took place in several pulses (Ward,

1994: Erwin, 1993). Stanley and Yang (1994) have presented evi-

dence that the extinctions took place in two main pulses, one at
the end of the Guadalupian and the other at the end of the Tatar-

tan. The ultimate end-Permian pulse is somewhat reduced in

intensity fiom previous suggestions. The resolution available for

this final pulse is not yet as distinct as that of the Cretaceous-Ter-
tiary: the total Changxinian (end-Tatarian) is probably about 2 to

3 million yr (Harland et al., 1989), although Stanley and Yang

(19941 presume that a shift in C-isotopes over the tinal 100,(X)O

years relates to the extinctions.

None of the other major boundaries in the stratigraphic

record correspond with mass extinctions, except perhaps at the

Triassicdu,'assic transition. The boundaries are instead arbitrari b'

defined, in accordance with the expectations of stratigraphers in

the middle part of the last century. Thus the Silurian-Devonian

boundary definition has long been subject to debate as to its plac-

ing and correlation (Holland, 1965; Earp, 1967). Its eventual def-

inition places it at a horizon at which there was no sudden or

dramatic change in life. The Triassic-Jurassic transition and mass
extinction, which includes the extinction of several groups of rep-

tiles, amphibians, and ammonites, does not appear to have been

abrupt, and the boundary is arbitrarily defined.

The other mass extinctions, such as those of the Upper
Ordovician and the Frasnian-Fammenian in the Devonian, do

not correspond with major named boundaries. They were recog-
nized as mass extinctions much later than was the Cretaceous-

Tertiary boundary. Indeed, the Ordovician itself is a stratigraphic

latecomer that is largely arbitrary, with only recently defined

boundaries. The Upper Ordovician extinction was completed

prior to the end of the Ordovician (Sheehan and Coorough,

1994) and appears to have tracked a glacial epoch. The extinc-

tion interval appears to have been 2 to 3 m.y. long and to have

had several pulses, although Brenchley et al. (1994) have

inferred a shorter duration for the glaciation.

The Frasnian-Fammenian extinction has long been recog-

nized as abrupt and global and indeed so abrupt thai an impact-
induced catastrophic extinction ,,','as suggested by' McLaren

11970. 1983). Nl,tny groups, including trilobites, corals, stro-
matoporoids, and brachiopods, were severely affected. How-

ever. this boundary has not been historically clearly delined.

Harland el al. (1989) placed the boundary at the top of the Pal-

rm:ltOlCl_,i.,,rri_meularis zone, whereas the International Sub-

commi:,sion on Devonian Stratigraphy (in Cowie, et al., 1989 )

defined the boundary at the base of that zone, corresponding

with perhaps 1 m.y. (or more) earlier. This placement closely

corresponds with McLaren's (1983) extinction horizon and is

marked by a drastic reduction in marine biomass, ecosystem
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diversity, and extinction (McLaren, 1970, 1983; Claeys et al.,

1994). It is not known whether this extinction is gradual over

several conodont zones or instantaneous at the base of the P. tri-

angularis zone. Events marking the boundary may have been

spread over 2 m.y. (Claeys et al., 1994). No global layer equiv-

alent to the Ir-bearing layer of the Cretaceous-Tertiary bound-

ary is available for correlation, although glassy spherule layers

are locally present at different horizons.

The Cretaceous-Tertiary boundary extinction is not just a

poor relative of the Permian-Triassic, or any other, mass extinc-

tion. it was quite different, was far more abrupt and clear (i.e.,

the rate was much faster), and affected many more ecological

niches, even if the total number of orders, families, or genera

that became extinct was smaller than in some other mass extinc-

tions. The Cretaceous-Tertiary transition and tile Permian-Trias-

sic transition are not really comparable in characteristics or in

causes: There are mass extinctions and there are mass extinc-

tions. The Cretaceous-Tertiary boundary is an event boundary:

that is, something happened. This is in contrast with the previ-

ous stratigraphic aim of placing boundaries where abrupt and

drastic changes in lithology or fossil content did not occur

(McLaren, 1970); that is, no major geological events took place.

Such rapid transitions were more or less assumed to indicate an

hiatus. This makes the Cretaceous-Tertiary boundary unique in

the stratigraphic record as currently defined and understood: a

boundary at which something happened. Ultimately other such

boundaries might be defined, possibly including the Frasnian-

Fammenian. There is no doubt that the nature of the Cretaceous-

Tertiary boundary has been under great scrutiny over the last

decade and a half, more so than other boundaries. Nonetheless,

this scrutiny cannot be taken to mean that other mass extinctions

will necessarily eventually become so contracted in duration; a

major reason for the impact hypothesis and the scrutiny of the

Cretaceous-Tertiary boundary derives from its very abruptness.

STRAW MEN, COUNTERREVOLUTIONS, AND

BURDENS OF PROOF

Many of those who are at best skeptical and commonly oppo-

nents of the impact-extinction hypothesis for the Cretaceous-

Tertiary boundary changes have set up straw men and imputed to

that hypothesis attributes neither inherent nor generally included

in it by impact proponents. Such imputations are that nearly all of

the uppermost Maastrichtian extinctions are impact caused (e.g.,

Keller et al.. 1993), that virtually everything was instantaneously

wiped out worldwide (e.g., Hallam. 1989). and that extraterres-

trial catastrophic causes would p,'oduce tnore random extinction

than terrestrial gradualistic causes (e.g.. MacLeod, 1994). Some

workers have demanded exact burdens of proof of "'impactors'"

but have not de,handed such prool_ of themselves: for instance.

"'impactors'" alone are criticized for not explaining the su,vival of

crocodiles and turtles (although some impact scenarios have sug-

gested survival mechanisms with detritt, s-based lood chains).

Proponents of terrestrial causes, such as sea-level changes,

have usually failed to portray the mechanisms much beyond

speculation, and such mechanisms are currently little advanced

and are even less consistent with current constraints than they

were prior to the publication of Alvarez et al. (1980). Although

many mechanisms, such as habitat fragmentation as a result of

sea-level changes, might explain particular extinctions, they

cannot yet be held capable of causing global extinctions over

many different types of environment. Similar criticism can be

made of those invoking a volcanic or mantle hypothesis (e.g.,

McCartney et al., 1990; Officer et al., 1992). Obviously there is

a requirement to understand what is inherent in or predictable

with an impact-caused extinction or any other type of extinc-

tion hypothesis.

Reality of a boundary impact event

The presence of an iridium-rich layer, shocked quartz, and

the identification of perhaps the largest Phanerozoic impact

crater--with a stratigraphic and radiometric age indistinguish-

able l'rom that of the boundary elsewhere--have convinced

most workers that there was a boundary impact event. There

remain considerable differences in opinion of the significance,

if any, of that event for extinctions. An important historical

point is that the abruptness of extinctions led to the analysis for

iridium at a particular horizon as a potential determinant of sed-

imentation rate. That measurement led to the inference of an

impact at the time represented by that horizon. This in turn led

to the hypothesis that the impact was responsible for the extinc-

tions, from the inference that this coincidence was causal (and

extinctions obviously cannot be held responsible for impacts).

The impact hypothesis is not in itself dependent on a specific

mechanism(s), although such mechanisms were reasonably

suggested, including rapid and dramatic climate changes from

dust clouds and other atmospheric effects. Many counterrevo-

lutionary papers (i.e., those that deny an impact cause) over the

last decade, however, give the impression that it is those who

invoke an impact who have required a particular paleontologi-

cal significance, for instance that impact proponents claim

abrupt extinction. Yet it was never the case that an impact was

inferred and that then there was a search for associated extinc-

tions. It is an ironic reversal that some paleontologists chose to

reduce the significance of the boundary after the impact was

inferred. Rather than evaluate the record in the light of an

impact, they chose to construct inappropriate straw men.

hnpact attd extinction thning patterns

Some paleontologists have made an effort tc, show that

(stepped) extinctions were taking place in the Late Cretaceous

up to the boundary: they follow with the specious conclusion

that the impact had no sigqificant effec;. (e.g.. Keller, 1989,

Keller et al., 1993). Exactly what "'stepped extinction" means

has not been defined, but it seems to imply some relationship

among the steps rather than just some random, preboundary
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extinctions. Clearly some explanation is required for why

planktonic foraminifera (for instance) should go extinct in steps

in some clear order. Identification of relevant "stepped extinc-

tion" requires exceptionally fine stratigraphic resolution and

needs to take full account of the Signor-Lipps effect. The steps

also need to be shown to be globally correlative. The impact

hypothesis, however, in no way requires that all or even most of

the upper Maastrichtian extinctions resulted from the impact,

and unless the "stepped extinctions" are causally related to each

other they have no bearing on the reality of impact extinctions.

The impact hypothesis does demand that those extinctions

that essentially define the change from Mesozoic to Cenozoic

took place faMy rapidly as a result of (and therefore not before)

the impact. This demand is fulfilled in the drastic microfitunat

changes, the flc, raJ changes, and the extinction of ammonites.

bclemnites, dinosaurs, and probably marine reptiles that took

place within analytical stratigraphic uncertainty of the bound-

ary (e.g., Coccioni and Galeotti, 1994: Sheehan el al,, 1991:

Sheehan and Fastovsky, 1992; Ward et al., t991). That inocera-

rnids did not survive as far as the boundary, or that some fi_ram-

inifera went extinct earlier, is (or may be) correct but does not

deny the later catastrophic extinction. There were obviously

continuing extinctions within the upper Cretaceous. Some of

those extinctions historically linked with the Cretaceous-

Tertiary boundary, including inoceramids, can no longer be

used to define it.

The persistence of genera, or even species, through the

boundary, even if they went extinct shortly after, does not deny

the reality of impact-caused exinctions either. Even though

there were almost certainly considerable geologically immedi-

ate eft'cots of an impact, longer-term effecls seem unavoidable.

Thus Hallam's (1989) statement that exact contemporaneity of

extinctions is required by the impact hypothesis is at best ntis-

leading. There is an unnecessary polarization of concepts: that

either extinctions are not related to an impact or that all extinc-

tions are related to an impact. In reality, solne extinctions could

precede and be unrelated to an impact, others could be 'an

almost direct or near-term result of impact effects such us

atmospheric heating or darkness, and others could be slower

responses, perhaps over a few years to nlany tens of thousands

of years, to a dramatically changed environment that is still in

biotic instability. Keller (1989)ha,,, suggested that an extended

period of extinctions that she infer._ over the Cretaceous-

Tertiary boundary is incolnpatiblc with the impact hypothesis

for extinctions. Keller et al. (19931 similarl\ state that impact

proponents hw_e long argucd that a large bolide impact caused

the extinction of nearly the entire Cretaceous biota and lhcn t>e

their conclusion that there were gradual extractions at high lat-

itudes to deny the general signit]cance of an impact. Whether or

not there was an extended period of extinctions, such a tesl

imputes to the impact hypothesis an attribute th'lt il does nol

have and that impact proponents hax c not (usually) required of

it. Catastrophic collapse does not necessarily mean hlstanta-

ncous and tot:.tl collapse.

Impact attd extinction selectivity patterns

Those skeptical of impact-related extinction have turned to

demonstrating the case for selective extinctions, such as partic-

ular groups of animals or latitude-dependent effects, and con-

cluding that these are more compatible with a nonimpact

scenario than with an impact one (e.g., Keller et al., 1993; Mac-

Leod and Keller, 1993; Archibald, 1994). Such a conclusion

depends upon a knowledge of extinction mechanisms in both

gradual and abrupt situations, the very things researchers are

currently attempting to understand. Ecosystems today are com-

plex and incompletely understood, and that of the terminal Cre-

taceous is far more removed from observation and analysis.

Perhaps an analog would be to investigate the remains of a

ruined house of cards and attempl to determine which card,,

were first removed and how. Thus Archibald's (1994) claim that

the pattern of extinction of vertebrates is incompatible with an

impact hypothesis relies on a claim of understandiug of the rel-

evant ecosystems that is cun'enlly not possible. It ultimately

may have merit, once the relevant impact environmental eftects

are belier known. It is presently inconsistent and inappropriate

to claim that impact is incompatible with crocodilian survixal

yet claim that sharks would be decimated by sea-level regres-

sion and habitat fragmentation (Archibald, 1994, Table 1). Sim-

ilarly, the claim by Clemens and Nelms (1993) that an impact

cannot explain the extinction of some high-latitude Dinosauria

has no firm basis; it is certainly not a crucial experiment. A few

years ago few researchers would have thought that dinosaurs

could have lived at such high latitudes at all: their discovely

emphasizes how much we have to learn about how various

dinosaur groups lived.

To suggest that gradual climatic changes or sea-level

changes caused abrupt extinctions is to divorce the direct mech-

anism from the indirect one, with the same problems of inter-

prelalion and association as the impact scenario. Few total

killing mechanis,ns (or alternatively reproduction-inhibiting

mechanisms) have yet been certainly established for any, hypoth-

esis. Many suggested mechanisms are not demonstrated but

highly speculative, and even such dramatic climate changes as

the cooling of the last Ice Ages did not result in significant, and

certainly nol a mass, extinction. Decinlation of the large verte-

brate species had a human, not climatic, cause. Keller el al.

(I 993) claimed that changes created by an impact at the end of

the Cretaceous would not have affected t,'opical more than high-

latitude environments. This is an tu_founded claim, not onl\

because thai impact took place in the tropics. It is certainly :m
undcmoy>lraled claim.

CONCI.USIONS: THE UNIQUE BOUNDARY Nl" 'FHE

MESOZOIC-CENOZOIC TRANSITION

The abruptness and importance of the Cretaceous-Tertiary

boundary have been recognized from the birth of stratigraphy,

and the fundamental change fronl Mesozoic to Ccnt_zoic has
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come to be continually more tightly constrained over 180 years.

The significance of the boundary is not merely a product of
dinosaur-fascination and the fantasies of those who postulate

that an impact took place at the end of the Cretaceous Period.
Rather, the significanc'e of the boundary is a product of its

unique sharpness and the important faunal changes. The
Cretaceous-Tertiary boundary is. a much more abrupt boundary

than that of the Paleozoic-Mesozoic or of any other mass

extinction or stratigraphic boundary as currently described. The

Cretaceous-Tertiary boundary is unique in being essentially

nonarbitrary and generally easily, precisely, and indisputably
identifiable in at least marine sections. It is also unique in being

a definite event boundary.

An impact hypothesis provides the most consistent and

coherent understanding of the origin of the Cretaceous-Tertiary

boundary, relating features as distinct as planktonic foraminif-
eral extinctions in Denmark, dillosaur extinction in Montana,

tremendous loss of productivity at the boundary, iridium-bearing

layers in the Raton Basin, shocked quartz in New Zealand,
rapidly deposited spherule beds in a deep-water sequence in

northeast Mexico, and a large buried crater in the Yucatan.

Terrestrial-origin hypotheses such as sea-level changes as

favored by Newell (1962, 1963) or volcanic activity (McCart-

ney et al., 1990; Officer et al., 1992; Courtillot, 1990) do not

have such unifying attributes without claiming coincidences and

even when claiming speculations (such as shocked quartz and
iridium to be from volcanic sources) as truths. Those who are

skeptical of the impact hypothesis should not demand rnore of it
than is inherent in it; too many straw men have led to confusion
on what are the relevant issues and tests.
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